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Among the most intriguing problems in biology is that which deals with the 
formation, on supmmolecular and tissue levels, of morphologically specific and 
repeatedly reproduced structures. On the macromolecular level, the controlled 
formation of highly organized fibrils,  crystallites,  and  two dimensional sheets 
from solutions of collagen molecules furnishes an interesting model system for 
the study of such phenomena. 
The reconstitution of collagen fibrils by increasing the pH or ionic strength of 
acid solutions of this protein is an old and familiar story (8, 31, 35). An exciting 
development was the revelation by electron microscopy that the reconstituted 
fibrils had the same precisely ordered morphology as did the native fibrils, namely 
the repeating axial period of about 640 A  plus  the  detailed  fine  structure (1, 
21, 38, 42, 51, 52). The two aspects of the problem which have engaged the atten- 
tion of most investigators in this area are the characterization of the molecule 
and elucidation of the mechanism of in vitro fibrogenesis with the hope of relat- 
ing it to the in vivo physiological process. Recent observations (16, 21,  27,  28, 
48) on the production of radically different morphological forms of collagen by 
controlling conditions of pH and  ionic strength,  and  by the  addition  of well 
characterized,  non-collagenous  substances,  may bear pertinently on problems 
of morphogenesis in the organism. 
These may be summarized as follows:-- 
1.  An  apparently homogeneous population of macromolecules may be  pre- 
cipitated from solution under the influence of physical chemical forces in  the 
form of highly ordered structures, even when in the presence of a wriety of other 
high molecular weight substances. 
2.  The morphological characteristics of the precipitated structures may vary 
so  radically as  to  appear  completely unrelated  to  each  other,  depending  on 
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readily controlled conditions in the solution. The conditions required for deter- 
mining the type of structure may, in some cases, be no more than differences in 
concentration of the inducing agent. 
3.  The  several different morphological forms'may be  readily dissolved and 
transformed one into another' 
4.  The  specificity for structure formation may reside almost entirely in  the 
reacting system, the macromolecular building blocks of collagen, while the induc- 
ing agents may be relatively non-specific. 
5.  Identical  structural  types  may  be  precipitated  from  solutions  ranging 
greatly in ionic content and properties by using different manipulations. 
6.  Morphologically identical  end  products  may  be  produced  v/a  different 
intermediate stages in structure formation. 
The Collagen Fibril and Its Building Block, Tropocollagen 
The commonest  characteristic of collagen fibrils, in addition to the distinctive x-ray dif- 
fraction pattern (4) and an unusual amino acid composition (6, 37), is an axial periodicity of 
about 640 A with detailed intraperiod fine structure. This pattern may be observed with the 
electron microscope and detected by x-ray diffraction in the collagen fibers of most phyla rang- 
ing from sponges to mammals  (13, 22, 34). In several instances, however, collagen which can 
be identified  by x-ray diffraction  and amino acid composition  appears to be composed  of 
unstrlated fibrils; the best example being that of the earthworm cuticle (44). In addition, col- 
lagen fibrils having axial periods of 220 A have been observed in embryonic tissues and in tis- 
sue culture (41, 43). Electron microscopic analyses of several different structural forms recon- 
stituted from  solution  (to be described),  led to  the characterization of the  unit  building 
block or molecule of collagen called tropocollagen (17). This particle, from electron microscope 
studies, was considered to be 2000 to 3000 A long and less than 50 A wide. Recent physical 
chemical  studies by Boedtker and Doty (5) on acid solutions  of fish collagen  (ichthyocol) 
confirmed the existence of this particle in solution. The dissolved population of tropocollagen 
particles was remarkably monodisperse. The unit was shown to be a stiff rod 2900 A long by 14 
A wide with a molecular weight of 340,000. 
It was suggested  that  the manner in which  such  highly asymmetric particles lined up 
one with the other, gave rise to all the different structural forms of collagen described above 
(48, 49). 
Precipitation of Collagen from Solution 
Certain collagens may be rendered soluble at acid, neutral,  and  moderately 
alkaline pH without apparent degradation of the molecule (3, 9, 14,  15, 18, 19, 24, 
28, 32, 39). Electron micrographs of highly dilute solutions of collagen at pH 5.0 
reveal very thin, filamentous aggregates (Fig. 1). 
The  simplest procedure  for  precipitating fibrillar collagen from acid solution 
requires  the  addition  of monovalent  salts  or  neutralization  as  described  by 
Nageotte,  Faur6-Fremiet, and others. 
Important factors determining the kind of structures obtained  are  collagen 
concentration,  the amount and kind of salt added, pH,  and  temperature.  The 
way in which the salt is added is often of some consequence (21). Randall et al. 
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carefully controlled experiments designed to evaluate the roles played by these 
various factors. 
If the concentration of NaC1 ranges between 0.02 and 0.2 ~t, the precipitate 
consists of fibrils all with the usual collagen axial period of about 640 A  (Fig. 
2) and the frequency distribution curve of periodicity is about the same as that 
for the native fibrils.  The fine structure is also similar.  There is as much varia- 
bility in the number and density of the intraperiod bands in the reconstituted as 
in the native fibrils. 
If the concentration of salt is elevated to 0.35 ~, most of the fibrils formed have 
axial periods of about  220 A  (Fig.  3).  With  increasing concentration  (0.5 
NaC1) all the fibrils precipitated are non-striated (Fig. 4). Perhaps the occasional 
appearance in some tissues of non-striated fibrils or those with 220 A spacings 
is a  result of environmental conditions--provided they can be otherwise identi- 
fied as collagen. There is great variation in fibril width and form with different 
collagen solutions. In some instances relatively short, tactoidal fibrils are found 
rather than the "endless" type. Variation in width along the length of individual 
fibrils is often noted. 
The major portion of the dissolved collagen is precipitated by salt; the reasons 
for frequently observed variability are  as yet  unknown.  The  question  as  to 
whether inorganic ions and non-collagenous components are incorporated into 
the structure in a relevant way is still unsettled. 
An  interesting and  important feature of this  phenomenon is  the  intercon- 
vertibility of the three forms. Precipitates of each structure type may be redis- 
solved in acid and reprecipitated in  any of  the other forms by appropriately 
adjusting the conditions.Unfortunately, the interconvertibility  of the three struc- 
tural forms (640 A, 220 A and no periodicity) has not yet been studied quantita- 
tively; it is important to know how much of the collagen can be reversibly pre- 
cipitated in any of the three forms, since the question may be raised as to whether 
there exist several different although closely related molecular species  of  col- 
lagen in the same solutions. If this were so, the interplay between the different 
molecules could be important in the formation of structure. 
It should be noted that 640 A type collagen fibrils may be precipitated from 
solution via several different routes. An acetic acid extract of calf corium dialyzed 
against near neutral salt solutions of ionic strength above 0.15 remains clear and 
fluid. On warming to 37°C.  a rigid opaque gel composed of interlacing charac- 
teristic collagen fibrils is formed (14).  Similar gels  are produced by warming 
crude neutral salt extracts of fresh connective tissues (18). 
A new and highly ordered form of collagen fibril never observed in native tis- 
sue was discovered by Highberger, Gross, and Schmitt (27)  in precipitates of 
citrate  extracts of fresh connective tissue  prepared by a  modification of the 
procedure of Orekhovitch (39). This fibril called "fibrous long spacing" or FLS 
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fine structure.  Occasional free  individual segments  of  the  same  length  were 
noted. This phenomenon could be duplicated in acetic acid solutions of ichthyo- 
col or rat tail tendon by the addition of or1 acid glycoprotein of serum to such 
solutions followed by dialysis against water (28) (Fig. 5). FLS was readily proven 
to be of collagenous origin  by x-ray diffraction, hydroxyproline content,  and 
the fact that it could be converted to fibrils with the 640 A period by dissolving 
in acid and dialyzing against saline. The use of smaller amounts of glycoprotein 
led  to  the formation of mixtures of FLS and  640  A  type fibrils.  Sometimes 
individual fibrils showed the presence of both types of structure, one gradually 
developing into the other  (Fig.  6).  Still lower concentrations of glycoprotein 
resulted in the formation of usual 640 A type fibrils  only. Iodinated glycopro- 
tein was used in an effort to determine the amounts of glycoprotein present in 
the washed precipitates and also to localize by electron microscopy the position 
of this substance in the structure. About 15 to 20 per cent was incorporated in 
FLS and 5 to 10 per cent in the 640 A type fibrils. The likelihood of some non- 
specific  adsorption makes these figures only approximate. Localization of the 
iodine was not observed. 
One of the most interesting aspects of this phenomenon from a morphogenetic 
point of view is that two radically different structural forms could be produced by 
the interaction of two molecular species simply by varying their relative concen- 
trations. 
Another new structural type of collagen was  discovered in precipitates  of 
neutral phosphate extracts of fresh connective tissue (48),  in the form of short 
segments  or  crystallites of varying width having lengths averaging  2400  A. 
They were called "segment long spacing" or SLS and were characterized by a 
detailed asymmetrically banded fine structure. Because these extracts showed 
ultraviolet absorption maxima at about 260 m/z attempts were made to precipi- 
tate the collagen in acid solutions of ichthyocol (having no absorption peak in 
this range) with purine- and pyrimidine-containing compounds. RNA and DNA 
produced only non-striated fibrils. ATP in the acid form, however, precipitated 
nearly all the dissolved collagen in the form of SLS (Fig. 7) having extremely de- 
tailed and highly reproducible fine structure (Fig. 7 a). The particular pattern 
of cross-banding is even more reproducible than that of the native 640 A collagen 
type or that of FLS (Fig. 5 a) and may be an even more definitive fingerprint for 
collagen.  There proved to be about 12 per cent ATP incorporated in the preci- 
pitate which could be gradually washed out with acid; this was accompanied by 
dissolution of the structure (48). Partially frayed SLS revealed the presence of 
parallel fibrous units the length of the segment and less than 50 A thick (17, 48). 
These, too, could be readily dissolved, in this case in neutral saline, and converted 
almost quantitatively into 640 A collagen type fibrils by dialysis against 1 per 
cent NaC1 (17). 
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of them showing large areas of two dimensional order. The first (Fig. 8) was pre- 
cipitated by dialysis from an acid citrate extract of young rat skin. Similar sheets 
of material were found throughout the preparation. The repeating period was 
somewhat lower than the usual 640 A, but in some specimens was in the usual 
range. Only two bands per period were observed and in shadowed preparations 
(insert in Fig. 8) were represented by sharply elevated ridges. In some cases the 
banding carried over to regions of collagen separated by apparently clear spaces. 
This probably is explained by the presence of an extremely thin layer of colla- 
gen in the seemingly empty spaces,  too thin to provide adequate contrast. It is 
interesting to note that electron micrographs of bone have revealed sheets of 
collagen fibrils with periods in register over large areas (45). The second two di- 
mensional sheet was prepared  by adding a  relatively large  quantity of  acid 
glycoprotein to ichthyocol, followed by dialysis. Fig. 9 illustrates the form of the 
two dimensional "long spacing" pattern occasionally obtained in this manner. 
Not only is the main period reproduced in two dimensions, but also some of the 
intraperiod fine structure. The plaid pattern may be the result of the folding over 
of a  thin sheet of material, in a  direction 45  ° to the banding. However, in all 
cases in which this phenomenon was observed similar patterns more or less askew 
were found. 
Intermediate Stages in Structure Formation 
As part of the effort to establish the nature of the building block of collagen, 
"time sequence" studies were made of the stages of formation of 640A fibrils, 
FLS, and SLS by removing samples for electron microscopy from the reacting 
mixtures at short intervals of time during dialysis; in case of SLS formation, 
after mixing ATP and the collagen solution (17).  A most interesting aspect of 
the development of FLS was that the identical final structural form could be 
obtained via the formation of two different types of intermediates. In one series 
of experiments after 10 to 15 minutes of dialysis, electron micrographs revealed 
extensive areas of densely stained (PTA) centers arranged in roughly hexagonal 
array from which extended thin fibrous processes. These centers were separated 
by  1500 to  2500  A. With time,  local condensations appeared  giving the  ap- 
pearance of clouds of dense spheroids, again packed in rough hexagonal array, 
from which appeared to emerge FLS fibrils as a product of further condensation 
(Fig. 10). Within 30 minutes the "clouds" were gone, to be replaced by broad, 
loosely formed FLS which became more compact and characteristic with time. 
Often during  the  "cloud-forming" stage,  numerous  tactoidal particles  about 
3000 A long and 100 A across their centers appeared only to disappear shortly 
afterwards. A similar transient tactoidal stage was observed during the formation 
of 640 A collagen type fibrils.  In another series of apparently identical experi- 
ments using solutions of ichthyocol similarly prepared, the intermediate stages 
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first stages were represented by the appearance  of randomly scattered dense 
centers or spheroids about 100 to 400 A in diameter which soon developed into 
very thin individual segments. These segments were about 2400 A long and less 
than 100 A wide; no fine structure was observed. Growth into typical FLS fibrils 
occurred by the process of lateral and lengthwise aggregation of tropocollagen 
particles (Fig. 11). The reason for these different pathways of formation is not 
established; they may reflect differences in collagen concentration. SLS tends to 
form from densely staining spheroidal centers about 500 A in diameter and grow 
laterally from extremely thin particles. 
Inducing Agents 
It was evident very early that Na  + or C1- ions were not specific for the pre- 
cipitation of 640 A collagen fibrils  from acid solutions. Similarly, in the case of 
the highly ordered, regularly reproducible structure of FLS and  SLS the induc- 
ing agents,  acid  glycoprotein and  ATP,  were  not  specific.  The  list  includes 
thrombin, mushroom tyrosinase, clostridium collagenase (inactivated), chondroi- 
tin sulfate, sulfated dextran, and gum arabic  (16,  43).  Curiously enough, the 
first three agents were even more effective and produced more perfect fibrils 
after  they were  boiled and  treated  with  20  per  cent  trichloracetic acid,  the 
precipitate removed,  the acid dialyzed out, solution lyophilized, and  the dry 
powder used. Many other substances such as hyaluronic acid, ribo- and desoxy- 
ribonucleic acids, serum albumin and globulin, as serum gtycoprotein, ovomu- 
cold, gliadin, and protamine were ineffective even in relatively high concentra- 
tion. The nature of the common factor responsible for FLS-inducing properties 
is still unknown. It certainly does not appear  to be highly specific. Again, in 
the production of "segment long spacing" ATP proved not to be specific. Inosine 
triphosphoric acid could accomplish the same job. However, purine or pyrimi- 
dine bases,  AMP, ADP,  adenosine tetraphosphoric acid,  and  hexametaphos- 
phoric acid were ineffective. Both nucleic acids and the mucopolysaccharides 
produced non-striated fibrous precipitates only. Typical SLS with the same fine 
structure could be produced by crude RNA, DNA,  heparin, and chondroitin 
sulfate, if they were added to a  cold solution of collagen  at neutral pH (phos- 
phate buffer) and the clear solution dialyzed against an acid buffer (pH about 
3-5). These SLS were insoluble in salt solutions whereas those produced by ATP 
were instantly dissolved in the presence of salt. 
It became evident that the specificity for FLS, SLS, or 640 A collagen forma- 
tion resided in the fundamental building block of collagen in solution and not in 
the  inducing  agents  (16).  The  dissolved  collagen  molecules  are  capable  of 
aligning themselves in different ways so as to produce different structural forms. 
The  inducing agent  somehow makes one state  of organization preferable  to 
another, perhaps by blocking certain reactive groups on the molecule. 
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glycoprotein or ATP molecule, act by masking, and thereby weakening, certain 
reactive groups on the rigid tropocollagen particle thus permitting attractive 
forces of the remaining reactive groups to cause precipitation to occur in certain 
specific  configurations depending on the positions of the particular groups re- 
maining active. It seems less likely that the inducing agents themselves act  as 
bonding agents between the molecules, since it is hard to visualize how ATP and 
chondroitin sulfate molecules could induce the formation of identical structures. 
An important question arises as to why giant molecules such as mucopolysaccha- 
rides, nucleic acids, or glycoproteins, if present in appreciable quantity, do not 
produce serious steric hindrance to the precise alignment of tropocollagen parti- 
cles.  Perhaps this is explained by the high water  content of  the precipitated 
structures; the large molecules may fill in space normally occupied by water. 
Some Factors Regulating Rate of Fiber Formation 
As mentioned earlier,  collagen dissolved in cold neutral salt solution will form 
stiff, opaque gels composed of striated collagen fibrils  (640 A) ~  when warmed to 
37°C. Gelation takes longer at lower temperatures. Because the development of 
uniform opacity could be readily followed by light transmission in a colorimeter, 
this system was used in studying the influence of certain agents on fibril forma- 
tion. Preliminary examination indicated that the opacity was the result of fibril 
formation and at pH above 6.0 gelation occurred as opaqueness began to de- 
velop. It is evident that such methods reveal little concerning important factors 
such as the amount of collagen involved in the solid  phase, or size of.fibril as 
related to light transmission. However, for study of relative rates of opacitation 
related to gelation and fibril formation, the method is quite satisfactory. The 
preparations used in this study (14,  20)  were  acetic acid extracts of calf skin 
collagen dialyzed against phosphate buffer pH 7.6, 1"/2 =  0.4. 
The development of opacity follows a sigmoid curve. The lag period increases 
while the level  of maximum opacity and the slope  of the rising portion of the 
curve decrease with decreasing collagen concentration. 
The rate of opacitation and gelation could be significantly delayed by as little 
as 0.01 M of urea and 0.0005 M of arginine. Text-fig. 1 illustrates the influence of 
urea concentration on development of opacity. 0.3 M urea and 0.1 M arginine com- 
pletely prevented gelation; however, the inhibition is reversible since removal of 
the agent by dialysis permits gelation to occur at the same rate as that of the 
control solution. The inhibitory  or retarding effect of urea or arginine on gelation 
is reversed entirely by the addition of potassium iodide in concentrations one- 
tenth  that  of the inhibitor.  Bicarbonate  and thiocyanate ions are even more 
effective than iodide.Studies in progress indicate that a number of low molecular 
weight compounds have  inhibitory and  antiinhibitory activity. These  are  be- 
ing  investigated  for common  denominators in  an  effort to  understand  the 
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TExT-Fro. 1. Rate of opacitation (and gelation) in neutral phosphate solutions of collagen 
warmed to 37°C. under the influence  of increasing concentrations of urea. 
involved in fibril formation in vitro and in  vivo. Interestingly enough,  highly 
charged polymers such as chondroitin sulfate, heparin, hyaluronic acid,  and al 
acid glycoprotein have no measurable inhibitory or accelerating activity at I'/2 
=  0.4 or 0.14. 
States of Aggregation of Tropocollagen and the Fibrogenesis of Collagen 
A working hypothesis discussed elsewhere (49, 50) accounting for the various 
structural  forms  of  collagen  and  suggesting  in  skeleton  form  the  process  of 
physiological fibrogenesis is described in Text-fig. 2.  It hinges on the charac- 
terization of the tropocollagen particle as ,a relatively rigid rod of dimensions 
2000 to 3000 A long and less than 50 A in cross-section in which the internal fine 
structure (dependent on amino acid composition and polypeptide chain configura- 
tion) is asymmetrically distributed along its length. (The question of the helical 
configuration of the polypeptide chains or their number need not concern us 
here.) This is indicated in the diagram by the short rod with a ball at one end 
and a transverse bar at the other. If the tropocollagen particles (TC) when ag- 
gregated in orderly array, are all polarized in the same direction, the fine struc- 
ture in the resulting fibril or segment will  be polarized. If  they aggregate  in 
random or "antiparallel" array, the fine structure will  be symmetrical. In the 
formation of SLS, the inducing agent causes aggregation in such a way that the 
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oriented in the same direction, thus leading to formation of a  crystallite with 
polarized  fine  structure,  approximating  the  length  of  the  particle.  In  the 
formation of FLS the tropocollagen particles line up in an "antiparallel" array 
with random orientations in the axial direction but still not staggered. This ran- 
dom orientation would give rise to symmetrical intraperiod fine structure, and 
indeed an approximation of this fine structure can be simulated by superimpos- 
TExT-FIG.  2.  Schematic representation of the hypothesized aggregations of tropocollagen 
particles in the formation of three different structural types of collagen. The central block 
suggests  a  possible way  in which collagen fibrils are  formed  extracellularly,  in  viro,  from 
secreted tropocollagen. TC  =  tropocollagen; SLS  =  segment long spacing; FLS  =  fibrous 
long spacing; ATP  =  adenosine triphosphoric acid; GP  ---  glycoprotein. 
ing two transparencies of an SLS unit on  e upon the other in reverse orientation. 
The formation of fibers  of FLS may be due to interdigitations of the ends of 
tropocollagen particles possibly helped by the presence of a  little "glue" in the 
form of the inducing agent.  Certainly there is a  heaping up of material at the 
ends of the periods as seen in Fig. 5. The formation of the polarized 640 A period 
of native fibrils is postulated to occur v/a the staggered ordering of tropocollagen 
particles all Oriented in  the same direction but staggered in such a  way as to 
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similar way by a  lesser degree of staggering and the non-striated fibril formed 
by a  completely random lateral and linear aggregation. At concentrations of 
salt at about physiological ionic strength, the preferred and most stable degree 
of staggering is that which gives rise to the 640 A period. Thus any axial stria- 
tion observed in collagen is a kind of "beat" period of a fundamental unit about 
2800 A long. The intraperiod fine structure is probably just another more de- 
tailed manifestation of the same phenomenon. It will be extremely important to 
obtain evidence of the length of the tropocollagen particle in the fibril via x-ray 
diffraction or electron microscopy. 
The center block in Text-fig. 2 suggests a highly simplified model of physiolog- 
ical fibrogenesis.  The fibroblast secretes tropocollagen particles and these are 
spontaneously precipitated in the form of collagen type fibrils  because of the 
characteristics of the ionic environment. It is possible  that the earliest secreted 
collagen unit may require enzymatic action such as in the case of the fibrinogen- 
fibrin transformation; however, present information does not indicate the need 
for such a mechanism. The rate of fibril formation may be regulated by the con- 
centration of some common metabolic product analogous to urea or arginine as 
in the in vitro system. The role in fibrogenesis of the non-collagenous components 
of  the  ground  substance  such as mucopolysaccharides, glycoproteins, etc.,  is 
unknown. Among other functions, they may provide the necessary viscous, even 
thixotropic, medium required to keep the precipitated fibrils localized to specific 
areas and arranged in a  particular pattern; the fibrils might otherwise precipi- 
tate in a random tangled mass around the cells. In vitro systems involving fibril 
precipitation with agents such as chondroitin sulfate or glycoprotein constitute 
no evidence for their participation in in vivo fibrogenesis. Typical collagen fibrils 
may be precipitated from solution in the absence of detectable uronic acid, with 
only very small  amounts of hexose,  hexosamine,  and  tyrosine present  (29): 
Conversely, a  host  of  seemingly unrelated  compounds may also  precipitate 
characteristic collagen fibrils. 
The upper block in Text-fig. 2 illustrates the extraction of precursor tropo- 
collagen from the ground substance by cold neutral salt solutions and its pre- 
cipitation as 640 A striated fibrils by warming. Gross (15) has shown that the 
amount of neutral salt-extractible collagen, in the case of guinea pig corium, is a 
direct function of growth rate, there being a  precipitous drop when growth is 
restricted by diet. 
DISCUSSION 
The concept of biological  crystallizations as a  possible  mechanism in struc- 
ture formation has been discussed by Needham (36),  Brachet (7),  Weiss (55), 
among others,  and more recently and specifically,  by Schmitt  (46, 47).  It is 
conceivable that structures and organelles such as cell membranes, chromosomes, 
mitotic spindles,  endoplasmic reticulum,  mitochondria, etc.,  are formed, dis- 
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blocks under the influence of physical chemical forces, the collagen system being 
a simplified example of such  a  process. The  synthetic  enzymatic  mechanisms 
would be concerned with producing the building blocks and regulating the req- 
uisite environment of low molecular weight  metabolites  and  electrolytes.  The 
latter components would function in a manner analogous to the inducing agents 
and rate regulators in the model, in vitro collagen systems. The large molecular 
building blocks have built-in specificity and ability to associate in the form of 
well  ordered  structures.  If  macromolecules  with  associated  enzyme  systems 
undergo  intermolecular  rearrangements  such  as  described  for  collagen,  this 
phenomenon would assume considerable functional significance beyond that  of 
structure formation.  A  similar hypothesis concerning  enzyme activities  at cell 
interfaces was suggested by Weiss (55). 
Considered  from  another  aspect,  the  precipitability  of  collagen  molecules 
in the form of organized fibrils and  sheets with different highly ordered pat- 
terns depending on environmental factors suggests a mechanism to explain the 
directed movements of cells. The beautifully organized three dimensional net- 
work of collagen in Descemet's membrane described in  this volume by Jakus 
(33) suggests that two and three dimensionally ordered collagen is not just an 
interesting  in vitro  artifact.  It is worthy of note that  this structure  is not en- 
tirely dissimilar  to  the  clouds of collagen  observed in  the  formation  of FLS 
(Fig. 10). 
Weiss (53,  54), Weiss and  Garber  (56),  and  Gather  (10)  have  shown how 
the movements and even shapes of cells may be directly influenced by orienta- 
tions in the extracellular matrix in tissue cultures and regenerating nerve. The 
"matrix"  theory of morphogenesis invoking the aid of intercellular  substances 
has been suggested periodically in the past  (2,  25,  53)  and  in more detail re- 
cently by Grobstein (12). Quoting the latter,  "A labile intercellular continuum, 
locally alterable  in penetrability  and  other properties by physiological shifts, 
endowed with a high degree of specificity closely responsive to the genotype, 
able through polymerization to condense to higher levels of order thus providing 
boundaries  and  interfaces,  seems to be exactly the missing  piece required  in 
many puzzles of development." Tropocollagen dispersed or loosely aggregated 
in the intercellular  ground substance would seem to fit most of these require- 
ments. 
The number of in vitro systems in which highly ordered crystalline and para- 
crystalline arrays may be induced from solutions of large molecules is growing 
steadily.  Perhaps  the  oldest known  is  the  production  of myelin  forms from 
lipide  and  protein  mixtures.  Recently  Geren  (11)  has  demonstrated  highly 
ordered laminated structures in preparations of pure lipide not unlike those of 
certain intracellular organelles. Precipitates formed from solutions of fibrinogen 
(23, 26), paramyosin  (30), and meromyosin  (40) display precise striated  mor- 
phology. 
If crystallizations of the type discussed here can be demonstrated to occur in 272  BEI-IAVIOR  OF. COLLAGEN  UNITS 
tissues and to play a role in morphogenesis, studies on in vitro systems such as 
described for collagen should contribute much toward an understanding of the 
forces and factors involved in developmental processes. 
BIBLIOGRAPHY 
1.  Bahr, G. F., Exp. Cell Research,  1950, 1, 603. 
2.  Baitsell,  G. A., Quart. J. Micr. Sc., 1925, 69, 571. 
3.  Banfield, W. G., Anat. Rec.,  1952, 114, 157. 
4.  Bear, R. S., Adv. Protein Chem., 1952, 7, 69. 
5.  Boedtker, H., and Doty, P., J. Am. Chem. Soc.,  1955, 77, 248. 
6.  Bowes, J. H., and Kenten, R. H., Biochem. J., 1948, 43, 358. 
7.  Brachet,  J.,  Chemical  Embryology, New York,  Interscience Publishers,  Inc., 
1950. 
8.  Faure-Fremiet, E., and Garrault, A., Arch. anat. micr.,  1937, 33, 81. 
9.  Gallop, P. M., Arch. Biochem. and Biophysic.,  1955, 54, 486. 
10.  Garber, B., Exp. Cell Research,  1953, 5, 132. 
11.  Geren,  (Uzman), B., J. Biophysic. and Biochem. Cytol.,  1956, 9., No. 4, Suppl., 219. 
12.  Grobstein,  C., in Aspects of Synthesis  and Order in Growth,  (D. Rudnick,  edi- 
tor), Thirteenth Symposium of the Society for the Study of Development and 
Growth, Princeton University Press, 1954, 233. 
13.  Gross, J., Fed. Proc., 1954, 13, No. 1, pt. 1, 52. 
14.  Gross, J., Fed. Proc., 1956, 15, No. 1, pt. I, 82. 
15.  Gross, J., J. Histochem. and Cytochem.,  in press. 
16.  Gross, J., Highberger, J. H., and Schmitt, F. O., Proc. Soc. Exp. Biol. and Med., 
1952, 80, 462. 
17.  Gross, J., Highberger,  J. H., and  Schmitt, F.  0., Proc. Nat.  Acad.  Sc.,  1954, 
40, 679. 
18.  Gross,  J., Highberger, J. H., and  Schmitt, F.  0., Proc.  Nat.  Acod.  Sc.,  1955, 
41,  1. 
19.  Gross, J., Highberger, J. H., and Schmitt, F. O., data to be published. 
20.  Gross, J., Kirk, D. L., and Glazer, N. D., data to be published. 
21.  Gross, J., Schmitt, F. O., and Highberger,  J. H., Tr. 4th Josiah Macy, Jr. Conf. 
Metabolic Interrelations,  1952, 4, 32. 
22.  Gross, J., Sokal, Z., and Rougvie, M., J. ttistochem, and Cytochem.,  1956, 4., 227. 
23.  Hall, C. E., J. Biol. Chem., 1949, 179, 857. 
24.  Harkness, R. D., Marko, A. M., Muir, H. M., and Neuberger, A., Biochem. J., 
1954, 56, 558. 
25.  Harrison, R. G., Tr. Connecticut  Acad. Arts and Sc.,  1945, 36, 277. 
26.  Hawn, C. v. Z., and Porter, K. R., J. Exp. Med.,  1947, 86, 285. 
27.  Highberger, J. H., Gross, J., and Schmitt, F. 0., J. Am.  Chem. Soc.,  1950, 79., 
3321. 
28.  Highberger, J.  H.,  Gross, J.,  and Schmitt, F.  0.,  Proc.  Nat.  Acad.  Sc.,  1951, 
37, 286. 
29.  Highberger,  J. H., Gross, J., and Schmitt, F. O., data to be published. 
30.  Hodge, A., Proc. Nat. Acad. Sc.,  1952, ~9 850. 
31.  Huzella,  T., Z. Krist.,  1932, 83, 89. JEROME GROSS  273 
32. Jackson, D. S., and Fessler, J. H., Nature,  1955, 1"/6, 169. 
33. Jakus, M. A., J. Biophysic. and Biochem. Cytol., 1956, 2, No. 4, suppl., 243. 
34.  Marks, M. H., Bear, R. S., and Blake, C. H., J. Exp. Zool., 1949, 111,.55. 
35.  Nageotte, J., Compt. rend. Acad. sc., 1927, 184, 115. 
36. Needham,  J.,  Biochemistry  and Morphogenesis,  Cambridge  University Press, 
1942. 
37.  Neuman, R. E., Arch. Biochem., 1949, 24, 289. 
38. Noda, H., and Wyckoff, R. W. G., Biochim. et Biophysic.  Acta,  t951, 8, 494. 
39. Orekhovitch, V. N., Proc. 2nd Internat.  Congr. Biochem., Paris,  1952, 106. 
40. Philpott, E. D.,  and Szent-Gyorgyi, A. G., Bioehim.  et Biophysic.  Acta,  1954, 
18, 165. 
41. Porter, K. R., Tr. 2nd Josiah Macy, Jr. Conf. Connective Tissue,  1951, 126. 
42.  Randall, J. R., Booth, F., Burge, R. E., Jackson,  S. F., and Kelly, F. C., Syrup. 
Soc. Exp. Biol.  (Great Britain), 1955, 9, 127. 
43. Randall, J. T., Fraser,  R. D. B., Jackson,  S., Martin, A. V. W., and North, 
A. C. T., Nature,  1952, 169, 1029. 
44. Reed, R., and Rudall, R. M., Biochim. et Biophysic. Acta,  1948, 9., 7. 
45. Robinson, R. A., and Watson, M. L., Anat. Rec., 1952, 114, 383. 
46.  Schmitt, F. O., in Analysis Of Development,  (]3. H. Willier, P. A. Weiss, and 
V. Hamburger,  editors), Philadelphia, W. B. Saunders Co., 1955. 
47.  Schmitt, F. 0., Nature,  1956, 177, 503. 
48.  Schmitt, F. O., Gross, J., and Highberger, J. H., Proc. Nat; Acad. Sc.,  1953, 39, 
459. 
49.  Schmitt, F. O., Gross, J., and Highberger,  J. H., Syrup. Soc.. Exp. Biol.  (Great 
Britain),  1955, 9, 148. 
50.  Schmitt,  F.  O.,  Gross, J.,  and Highberger,  J.  H.,  Exp.  Cell Research,  1955, 
suppl. 3, 326. 
51.  Schmitt, F. O., Hall, C. E., and Jakus, M. A., J. Cell. and Comp. Physial.,  1942, 
20, 11. 
52. Vanamee, P., and Porter, K. R., J. Exp. Med., 1951, 94, 255. 
53. Weiss, P., Am. Naturalist,  1933, 67, 322. 
54. Weiss, P., J. Exp. Zool., 1945, 100, 353. 
55. Weiss, P., J. Embryol. and Exp. Morphol., 1953, 1, 181. 
56. Weiss, P., and Garber, B., Proc. Nat. Acad. Sc.,  1952, 38, 264. 274  BEHAVIOR OF COLLAGEN UNITS 
EXPLANATION OF PLATES 
PLATE 86 
FIG. 1.  Acetic acid solution of ichthyocol, pH 5.0; chromium-shadowed. X  50,000. 
FIG. 2.  Collagen fibrils precipitated from ichthyocol solution by 1 per cent NaCl. 
Average period 650 A. X 32,000. 
FIG. 3.  Collagen fibrils precipitated from ichthyocol solution by 2 per cent NaC1. 
X  45,000. 
FIG. 4.  Collagen fibrils precipitated from ichthyocol solution by 3 per cent NaC1. 
X  30,000. 
FIG. 5.  FLS precipitated from  ichthyocol solution by addition of al acid glyco- 
protein 0.06 per cent followed by dialysis. X  30,250. 
FIG. 5 a.  Same but stained with PTA. Note symmetrical fine structure.  X  103,000. 
FIG.  6.  Intermediate  fibril  type,  native  collagen  period  transforming  to  FLS. 
Induced by addition of 0.03 per cent glycoprotein. ×  26,000. 
FIG.  7.  SLS  precipitated from  ichthyocol solution  by  addition of  0.2  per  cent 
ATP.  ×  38,500. 
FIG. 7 a.  Same as Fig. 7 but stained with PTA.  X  117,000. THE JOURNAL OF 
BIOPHYSIC~  AND  BIOCHEMICAL 
CYTOLOGY 
PLATE 86 
VOL. 2 
(Gross: Behavior of collagen units) PLATE 87 
FIG. 8.  Sheet  of  collagen prepared  by  dialysis of  a  citrate extract  (pH  4.0)  of 
3-day-old rat corium dialyzed against water, PTA-stained.  X  33,000.  Insert is por- 
tion of a  similar structure shadowed with chromium. 
FIG. 9.  Sheet of FLS prepared by dialysis of ichthyocol solution containing 0.2 
per cent al glycoprotein. X  29,000. THE  JOURNAL  OF 
BIOPHYSICAL AND BIOCHEMICAL 
CYTOLOGY 
PLATE  87 
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(Gross: Behavior of collagen units) PT.Axv. 88 
FIo. 10.  Clouds of incipient FLS. Early stage in formation. PTA-stained. ×  16,300. 
FIo.  11.  Intermediate stages in formation of FLS which differ from  that shown 
in  Fig.  10  illustrating the  emergence  of  identical structural  end  products  arrived 
at via different intermediate forms.  ×  21,300. THE  JOURNAL  OF 
BIOPHYSICAL AND BIOCHEMICAL 
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